According to the Dobzhansky-Muller model, hybrid sterility is a consequence of the independent evolution of related taxa resulting in incompatible genomic interactions of their hybrids. The model implies that the incompatibilities evolve randomly, unless a particular gene or nongenic sequence diverges much faster than the rest of the genome. Here we propose that asynapsis of heterospecific chromosomes in meiotic prophase provides a recurrently evolving trigger for the meiotic arrest of interspecific F1 hybrids. We observed extensive asynapsis of chromosomes and disturbance of the sex body in >95% of pachynemas of Mus m. musculus × Mus m. domesticus sterile F1 males. Asynapsis was not preceded by a failure of double-strand break induction, and the rate of meiotic crossing over was not affected in synapsed chromosomes. DNA double-strand break repair was delayed or failed in unsynapsed autosomes, and misexpression of chromosome X and chromosome Y genes was detected in single pachynemas and by genome-wide expression profiling. Oocytes of F1 hybrid females showed the same kind of synaptic problems but with the incidence reduced to half. Most of the oocytes with pachytene asynapsis were eliminated before birth. We propose the heterospecific pairing of homologous chromosomes as a preexisting condition of asynapsis in interspecific hybrids. The asynapsis may represent a universal mechanistic basis of F1 hybrid sterility manifested by pachytene arrest. It is tempting to speculate that a fast-evolving subset of the noncoding genomic sequence important for chromosome pairing and synapsis may be the culprit. meiosis | meiotic sex chromosome inactivation | Prdm9 | chromosome substitution strains | Haldane's rule H ybrid sterility (HS) is a postzygotic reproductive isolation mechanism contributing to the genesis of new species. It occurs when two parental forms, each which is fertile, produce a sterile hybrid. The widespread occurrence of HS in animal and plant species puzzled evolutionary biologists until Theodosius Dobzhansky and later Herman Muller devised a two-gene model now termed "Dobzhansky-Muller (D-M) incompatibility" (1, 2). The model postulates functional incompatibility of a minimum of two interacting genes that, after independent evolution in two related taxa, lose their ability to cooperate when combined in a hybrid (3, 4). HS almost invariably obeys the Haldane's rule of preferential impairment of the heterogametic (XY or ZW) sex (5); hence male sterility occurs predominantly in mammalian or Drosophila hybrids, whereas in birds and Lepidoptera female hybrids are most often affected (5, 6). HS is under the control of multiple genes, a disproportionally large number of which are located on the X chromosome (7, 8) . The development of methods of molecular genetics renewed interest in HS (4), and, as a result, OdsH, Ovd, and JYalpha HS genes defined by their DNA sequence were identified in Drosophila (9-11). We identified Prdm9 as a vertebrate HS gene in mouse intersubspecific hybrids (12, 13). Although generalizations are premature, rapid evolution and positive selection can be traced in three of the four cloned HS genes.
H ybrid sterility (HS) is a postzygotic reproductive isolation mechanism contributing to the genesis of new species. It occurs when two parental forms, each which is fertile, produce a sterile hybrid. The widespread occurrence of HS in animal and plant species puzzled evolutionary biologists until Theodosius Dobzhansky and later Herman Muller devised a two-gene model now termed "Dobzhansky-Muller (D-M) incompatibility" (1, 2) . The model postulates functional incompatibility of a minimum of two interacting genes that, after independent evolution in two related taxa, lose their ability to cooperate when combined in a hybrid (3, 4) . HS almost invariably obeys the Haldane's rule of preferential impairment of the heterogametic (XY or ZW) sex (5); hence male sterility occurs predominantly in mammalian or Drosophila hybrids, whereas in birds and Lepidoptera female hybrids are most often affected (5, 6) . HS is under the control of multiple genes, a disproportionally large number of which are located on the X chromosome (7, 8) . The development of methods of molecular genetics renewed interest in HS (4) , and, as a result, OdsH, Ovd, and JYalpha HS genes defined by their DNA sequence were identified in Drosophila (9-11). We identified Prdm9 as a vertebrate HS gene in mouse intersubspecific hybrids (12, 13) . Although generalizations are premature, rapid evolution and positive selection can be traced in three of the four cloned HS genes.
The Mus m. domesticus and Mus m. musculus subspecies of the house mouse diverged from their common ancestor 350,000-500,000 y ago (14) . Such closely related subspecies are particularly suitable for HS study because they offer a higher likelihood of uncovering the causal genes (4, 15) . Partial reproductive isolation between the two mouse subspecies has been documented in a series of studies of gene flow across the European hybrid zone and by reduced fertility of hybrid males within the zone (16) (17) (18) . Hybrid male sterility has been reproduced in the laboratory crosses of wild or wild-derived mice from both subspecies (19) (20) (21) (22) . The mouse is a model of choice for molecular studies of the mechanism of HS because of the wide range of inbred strains, including wildderived strains of Mus m. musculus and Mus m. domesticus subspecies (23) , high-quality genome sequences of inbred strains from both subspecies, and the availability of null alleles for more than half of the mouse protein-coding genes (24) .
We introduced (PWD/Ph × C57BL/6J)F1 (henceforth PB6F1) hybrid males as a laboratory model to study the genetic architecture and molecular mechanisms of HS in Mus m. musculus and Mus m. domesticus subspecific hybrids (25) . The PWD/Ph (henceforth PWD) inbred strain was derived from a pair of wild mice of the Mus m. musculus subspecies 32 y ago (26) . C57BL/6J (henceforth B6) is a classic laboratory strain with 92% of the genomic sequence coming from Mus m. domesticus (27) . These strains were used to generate the panel of C57BL/6J-Chr# PWD/Ph /ForeJ Significance Hybrid sterility contributes to speciation by restricting gene flow between related taxa. Although four hybrid sterility genes have been identified in Drosophila and mouse so far, the underlying molecular mechanisms are largely unknown. We describe extensive asynapsis of chromosomes in male and female meiosis of F1 hybrids between two closely related mouse subspecies. Using the intersubspecific chromosome-substitution strains, we demonstrate that the heterospecific pairing of homologous chromosomes is a preexisting condition of asynapsis and may represent a universal mechanism of pachytene arrest in interspecific hybrids. Sex-specific manifestation of asynapsis can explain the mechanism of Haldane's rule.
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(henceforth B6.PWD-Chr#) intersubspecific chromosome-substitution strains with individual PWD chromosomes introgressed onto the genetic background of B6 (28, 29) . We have shown that the genetic architecture of PB6F1 male infertility is formed by four genomic components, Prdm9 on chromosome 17 (Chr 17), a gene closely linked with or identical to Hstx1 on Chr X (30), HS gene(s) located on Chr 19, and still not well-defined heterozygosity of a portion of the F1 genetic background (31) . Male sterility of PB6F1 hybrids is typically asymmetric, depending on the Chr X PWD . Only PWD females crossed with B6 males deliver sterile male offspring; males from the reciprocal cross (henceforth B6PF1) and all female hybrids are fertile (12, 32) .
The dual role of Prdm9 in HS and control of the meiotic recombination hotspots (33, 34) prompted us to analyze the mechanistic basis of HS, asking three specific questions: (i) Which subcellular and molecular processes are involved in the spermatogenic breakdown? (ii) Are the meiotic defects leading to hybrid male sterility indeed male specific (Haldane's rule)? (iii) What can we learn about HS by manipulating the individual components of its genetic architecture?
Results

Spermatogenic Block and Apoptosis of Primary Spermatocytes at
Pachytene Stage. The PB6F1 adult males were invariably infertile and azoospermic, with a more than 50% reduction in testes size (weight of paired testes, 54.1 ± 3.3 mg). The histological cross-sections showed smaller tubule diameter, no progression beyond epithelial stage IV, and a complete lack of postmeiotic cell types. Also detected were large vacuole-like structures and enlarged multinuclear cells. Sterile PB6F1 hybrids displayed a 24-fold increase in TUNEL-positive apoptotic cells as compared with B6 mice (P < 0.00001; Mann-Whitney U test) ( Fig. S1 A-C) . The pachytene spermatocytes first occur on day 13.5 after birth (13.5 dpp) in the first wave of spermatogenesis. We checked the cellular composition of spermatogenic populations from 13.5 dpp to adult. The first significant deviation in sterile hybrids was the deficiency of mid-pachytene cells at 15.5 dpp (P < 0.001; χ 2 test). Another block was observed at 17.5 dpp with excessive accumulation of early pachytene cells, apoptosis of remaining mid-pachynemas, and an almost complete absence of diplotene cells. As expected, intraspecific hybrids and parental inbred strains showed normal spermatogenesis similar to inbred controls of PWD and B6 males (Fig. S1D) .
Rates of Double-Strand Breaks and Meiotic Recombination Do Not
Correlate with Sterility of Male Hybrids. Meiotic recombination is dependent on the formation and subsequent repair of programmed Spo11-induced DNA double-strand breaks (DSBs) (35, 36) . To investigate whether pachytene arrest could result from the disturbance of these earlier processes, we visualized early recombination intermediates using antibodies to RAD51 and DMC1 DNA repair recombinases to mark DSBs (Fig. 1A ) (37) , Ataxia-teleangiectasia and Rad3-related (ATR) foci to monitor DSBs repair, and STAG3 cohesin to check integrity of the synaptonemal complex (38) . The average number of RAD51/ DMC1 foci in zygotene spermatocytes did not differ between sterile hybrids and controls (256 ± 18 and 258 ± 17 foci, respectively), but was higher at the pachytene stage in sterile hybrids (50.7 ± 18 and 42.2 ± 10 foci, respectively; P < 0.01; Mann-Whitney U test). The increase was in direct proportion to the number of asynapsed chromosomes (see below and Fig. 1B ) and is in contrast to Prdm9-null mutants, which show less than half as many DMC1 foci as wild-type mice in the same meiotic stage (31) . Additionally, at late zygonema-early pachynema and mid-pachynema, the frequency of MSH4, a mismatch repair protein of the MutS family, and of MLH1, a mismatch repair protein of the MutL family, foci was lower in PB6F1 sterile hybrids than in B6 and B6PF1 mice, indicating changes in the rate of meiotic recombination. However, analysis of other genotypes including fertile (PWD × B6.Hst1 f ) hybrids pointed to an X-linked polymorphism controlling the meiotic recombination rate (see also ref. 39 ) rather than the meiotic arrest ( Fig. 1 B and  C) . The ATR kinase foci decorated the sex chromosomes and autosomal univalents in mid-pachytene cells (Fig. 1D ). STAG3, a component of the axial/lateral element of the synaptonemal complex, showed complete colocalization with the SYCP3 protein component of the lateral element of the synaptonemal complex in spermatocytes of both sterile and fertile mice (Fig. 1E) .
Multiple Autosomal Asynapsis at Early-Pachytene Stage Precedes Meiotic Arrest. The most distinct aberration in pachynemas of sterile PB6F1 males was the asynapsis of homologous chromosomes during the first meiotic prophase. Examination of the synaptonemal complexes on meiotic spreads from sterile testes revealed multiple asynapsed autosomes (range 1-19 per cell, median 5) in more than 95% of early, histone H1t-negative pachytene spermatocytes (Fig. 2 A-D) . The asynapsis of individual autosomal pairs was mostly complete, with exceptional bizarre multivalents and ring-like chromosomes apparently resulting from partial and/or nonhomologous synapsis (Fig. 2B) . The SYCP3-positive univalents were negative for the SYCP1 protein component of the central element of the synaptonemal complex. The univalents were decorated by HORMAD2, a HORMA domain-containing protein coordinating chromosome synapsis, and γH2AFX, the phosphorylated form of histone H2AFX. The unpaired chromosomes often formed domains of silenced chromatin, sometimes termed "pseudosex bodies" (40) . However, unlike the fertile controls but similar to Prdm9 −/− null mutants (41) , the early pachytene spermatocytes from sterile males rarely displayed a discernible sex body ( Fig. 2 A and B) .
We conclude that autosomal asynapsis does not result from a failure of DSB formation or DSB repair. The elevated incidence of DSBs in early pachynemas suggests a partial failure or delay of DSB repair on unsynapsed autosomes. The unrepaired DSBs on asynaptic chromosomes are assumed to activate the pachytene checkpoint leading to apoptosis (42) .
Unsynapsed Autosomes Are Engulfed in the Sex Body of Mid-Late
Pachynemas. The majority of early pachytene spermatocytes with multiple asynapsed autosomes disappeared by mid-late pachytene stage, obviously eliminated by apoptosis. Ninety percent of mid-late pachynemas in sterile PB6F1 hybrids and 32% in semisterile B6PF1 hybrids carried one, exceptionally two, unsynapsed autosomes completely or partially embedded in the sex body. Similar introgression of autosomal chromatin was reported in various male-sterile chromosomal translocations with incomplete synapsis of their rearranged chromosomes (43, 44) . The autosomal introgression into the sex body was completely absent in the B6 controls and intraspecific fertile hybrids (Fig. 2E ). The synapsis of X and Y chromosomes is restricted to a short, ∼700-Mb pseudoautosomal region and is a prerequisite for homologous recombination and proper segregation of the X and Y chromosomes (45, 46) . The X-Y synapsis failed in 34% of analyzable mid-pachytene spermatocytes of sterile males (Fig. 2F ).
Nonrandom Engagement of Individual Autosomes in Asynapsis. Next we asked whether the asynapsis affected the autosomes at random. We performed DNA FISH with chromosome-specific probes for Chrs 2, 16, 17, 18, and 19 ( Fig. 3 A-E). Asynapsis of Chr 19 occurred in 46.7% of pachynemas where two Chr 19 DNA clouds colocalized with HORMAD2-labeled univalents. Chr 17 was unsynapsed in 32.1% of pachytene cells (Fig. 3F) . The proportionality test comparing the probability of overall asynapsis with that of individual chromosomes suggested that Chr 2 and Chr 16 were asynapsed significantly less frequently and Chr 19 was asynapsed significantly more frequently than would be expected by random asynapsis (expected asynapsis, 27%; P < 0.01), but there was no significant deviation from random involvement of Chr 17 and Chr 18. However, Chr 19 and Chr 17 were prevalent in the small fraction of supposedly mid-late pachynemas with only one or two unsynapsed autosomal pairs.
Extent of Asynapsis Is Genetically Modulated. Recently we identified four main components of the genetic control of HS, which together represent the minimal genotype necessary to reconstitute the sterility of PB6F1 male hybrids on the B6 genetic background (Mus m. domesticus). They include a region on the Chr X PWD carrying the Hstx2 locus, Prdm9 PWD/B6 heterozygosity on Chr 17, and heterozygosity of a poorly defined portion of the F1 genetic background. The fourth component resides on Chr 19 (31) . Using the reciprocal F1 hybrids and B6.PWD-Chr# chromosome-substitution strains to switch the subspecies origin of these components, we examined the extent of rescue of pachytene arrest and asynapsis ( Table 1 ). The reciprocal B6PF1 The difference between reciprocal hybrids in MSH4 and MLH1 probably is controlled by an X-linked polymorphism of the meiotic recombination rate locus (39) . N = number of mice, n = number of cells analyzed: RAD51, DMC1 and MSH4 (N = 3, n = 30 for zygotene, n = 60 for early pachytene; MSH4 N = 3, n = 100; MLH1, N = 5, n = 150. (D) ATR decorates only the XY pair in B6 mice; in sterile hybrids it also persists on unsynapsed autosomes (N = 4 n = 100 per genotype). (E) STAG3 cohesin labels all chromosomes irrespective of their synapsis status (N = 3, n = 50). hybrids carrying the middle region of Chr X B6 on an F1 hybrid background are semifertile, with partial spermatogenic arrest and significantly increased apoptosis as compared with B6 controls ( Fig. S1 B and D) . Compared with PB6F1 sterile hybrids, the asynapsis was reduced to 32% (39/120). In half of the pachynemas with asynapsis, the Chr 19 univalents were observed. Interestingly, asynapsed Chr 17 was not found with detectable frequency. At the mid-late pachytene stage, six of seven examined cells revealed Chr 19 asynapsis. We conclude that a gene in the middle part of Chr X B6 controls the partial rescue of pachytene arrest and the more than threefold reduction in the occurrence of pachynemas with asynapsis. The difference between male reciprocal F1 hybrids was in contrast to the equal frequency of meiocytes with asynapsis in reciprocal F1 female hybrids (see below).
Complete suppression of the sterilizing effect of the F1 hybrid genome was observed in the (PWD × B6.PWD-Chr 17)F1 males. Elimination of Chr 17 PWD/B6 heterozygosity in an otherwise complete F1 hybrid genotype resulted in total rescue of fertility, release of pachytene block, and the complete disappearance of asynaptic chromosomes. The rescue cannot be explained by a dominant sterilizing effect of Chr 17 B6 , because we have shown elsewhere (31) that homozygosity for Chr 17 B6 is incompatible with full pachytene block.
Heterospecific Homologs of Chrs 17 and 19 Are More Prone to
Asynapsis. The occurrence of asynaptic chromosomes can result from aberrant trans-acting genes, such as Spo11-, Mei1-, or Hormad2-null mutations (35, 36, 47, 48) , or from structural or sequence cis-incompatibility between individual members of homologous pairs. We found that asynapsis of Chr 17 and 19 pairs was limited to genotypes in which they are heterospecific, each composed of a PWD and B6 homolog. In (PWD × B6. PWD-Chr 19)F1 hybrids, where all autosomal pairs except Chr 19 are heterospecific, asynapsis occurred in 59.6% of the pachynemas but, strikingly, did not affect Chr 19 PWD/PWD (0/100). The males were sterile but had sperm counts in the range of 0-1.2 million and testes weights of 72.6 ± 8.6 mg. The other example of the predisposition of heterospecific homologs to asynapsis was found in (B6.PWD-Chr X.1s × B6.PWD-Chr 17) pachynemas, where the only heterospecific pair was the Chr 17 pair. Seventeen percent of pachynemas displayed a single pair of asynapsed chromosomes. In all cells examined (25/25) , that pair was iden- † Chr X.1s shows a 4.5 MB extension of the distal end of the proximal PWD interval, compared with Chr X.1. (Fig. S2 A-F ). All examined Chr X genes except Scml2 are known to be silent at the pachytene stage of primary spermatocytes in control males. Although all five genes [with the exception of weak positivity (3.6%) of Scml2] were silenced by meiotic sex chromosome inactivation (MSCI) at midpachytene in fertile B6 controls, their transcripts were detected in 30-45% of mid-pachytene cells in sterile males (Fig. S2G) .
The activation of Zfy2 in mid-late pachynemas is known to induce apoptosis (49).
Next we searched for genome-wide changes in the gene-expression pattern by comparing transcription profiles of whole testes from sterile 14.5-dpp PB6F1 males and fertile controls of the same age using the Affymetrix GeneChip Mouse Gene 1.0 ST Array. Using the approach described recently (50), we confirmed the similarity of testicular cellular compositions of 14.5-dpp reciprocal hybrids by comparing the expression patterns in the dataset of spermatogenesis stage-specific genes ( Fig. S3A) (50, 51) . Because the immunofluorescence microscopy and RNA FISH showed the absence of the regular sex body or its aberration in pachynemas and the active transcription of probed Chr X and Chr Y genes, we focused mainly on the genome-wide expression pattern of genes on the sex chromosomes. Comparison of the expression profile of sterile hybrids with that of fertile controls (B6PF1, B6, and PWD) showed that the sterile PB6F1 hybrids displayed misregulated genes more frequently on Chr X (Fig. 4 A and C and Fig. S3B ; Poisson model, P < 0.01). The most extensive genome-wide disturbance of gene expression was observed on the Chr X A7.1 cytogenetic band ( Fig. 4B ; permutation test, P < 0.01). However, the misregulation was not significantly biased in either direction, because 140 Chr X genes were up-regulated, and 116 Chr X genes were down-regulated ( Fig. 4C ; binomial test, P = 0.15). The same conclusion was reached by Gene Set Enrichment Analysis (GSEA) (52) , which further revealed enrichment of functionally predetermined gene sets among differentially expressed genes up-regulated in PB6F1 sterile hybrids and B6PF1 fertile controls. Many enriched gene sets in fertile controls were connected to gametogenesis with Gene Ontology (GO) terms such as SEXUAL REPRODUCTION, GAMETE GENERATION, DNA REPAIR, DNA RECOMBINATION, or MEIOTIC CELL CYCLE, probably reflecting the activation of genes necessary for later stages of spermatogenesis. The gene sets enriched in sterile (PB6F1) hybrids frequently were connected with ion channels and membrane receptors for reasons not obvious to us (Dataset S1). The microarray datasets can be accessed as specified in SI Materials and Methods.
Asynapsis of Homologous Chromosomes in F1 Hybrid Pachytene
Oocytes. According to Haldane's rule, sterility or inviability of interspecific hybrids preferentially involves heterogametic sex. Indeed, PB6F1 females were fully fertile, but, remarkably, their l non−significant: P > 0.05 suggestive: P < 0.05 significant: adjusted P < 0.05, abs(logFC) > log2(4/3) oocytes in the first and second meiotic division revealed a series of abnormalities. Meiotic spreads from ovaries revealed asynapsis in 40% and 50% of intersubspecific F1 hybrid pachynemas at 17.5 d post conception (dpc) and 19.5 dpc, respectively (Fig. 5 A and  B) . One or two autosomes were asynapsed in about half these cells, and more than two asynapsed autosomes were observed in the remaining aberrant pachynemas. Clouds of γH2AFX decorated the univalents in a fashion similar to that seen in spermatocytes from sterile males. Unexpectedly, oocytes of B6 and PWD inbred strains and intraspecific (C3H × B6)F1 (hereafter, C3B6F1) hybrids also showed asynapsis, albeit at lower frequencies of 12% and 23%, respectively. Unlike the male hybrids, the reciprocal F1 hybrid oocytes and (PWD × B6.Hst1 f )F1 oocytes displayed the same high level of asynapsis, thus not reflecting the alternate genotype of HS genes. At 1 dpp the proportion of diplonema was significantly reduced in PB6F1 (37.5%) and B6PF1 (33%) intersubspecific hybrid oocytes compared with B6 (64.1%) and PWD (56.6%) controls (P < 0.01, χ 2 test; Fig. S4A ). Partial elimination of the univalent-carrying oocytes is the likely explanation of this reduction. To test this possibility, we counted the oocytes on histological cross-sections of 6-wk-old ovaries of C3B6F1, PB6F1, B6PF1, and PWD females. The number of oocytes was decreased in PB6F1 and B6PF1 females (321.7 ± 109.8 and 351.2 ± 55.1, respectively; P < 0.05, ANOVA with Tukey's multiple correction) compared with C3B6F1 females (941.66 ± 335.9). However, a similar reduction was observed in PWD ovaries (320.7 ± 45.9) probably reflecting the smaller body and ovary size of PWD females (Fig. S4 B and C) . Oocytes in metaphase I with chromosomes without visible chiasmata were found with similar frequency, about 6%, in both intersubspecific F1 hybrids (B6PF1, n = 77; PB6F1, n = 81). In contrast, control C3B6F1 oocytes (n = 78) had no univalents (Fig. S4 F-H) . The finding of a low frequency of univalents in meiosis I (MI) indicated significant elimination of oocytes with meiotic pairing errors. It has been shown that the presence of univalent chromosomes at the first meiotic division frequently is accompanied by chromosome segregation errors and aneuploidy (53, 54) . Kinetochore counting at metaphase II (MII) revealed 2% aneuploidy in C3B6F1 (n = 238) MII oocytes; significantly higher frequencies, 11% and 9%, were seen at MII in the intersubspecific hybrids B6PF1 (n = 129) and PB6F1 (n = 100), respectively (Fig. S4 H-J) .
Live-Imaging Analysis of Chromosome Segregation in MI Oocytes.
The relatively low frequency of univalents detected in MI in intersubspecific F1 hybrids could not fully explain the levels of aneuploidy in MII oocytes, and therefore we monitored potential defects of chromosome segregation by live-imaging microscopy. We did not observe any difference in the duration of meiosis I in intersubspecific and intraspecific hybrids, despite the presence of univalents in B6PF1 and PB6F1oocytes (Fig. S4D) . Quantification of the securin expression levels also showed that the timing of anaphase-promoting complex activation was similar in all three hybrids (Fig. S4E) . These results are not surprising in the light of recently accumulating evidence showing that the spindleassembly checkpoint in oocytes is unable to arrest cells with unaligned chromosomes (53, 55) . However, the analysis of the time-lapse movies showed extensive chromosome congression defects in PB6F1 oocytes as compared with C3B6F1 oocytes (Fig. 5 C and D and Movies S1 and S2). Although C3B6F1 oocytes were able to align chromosomes properly on the metaphase plate when approaching anaphase, PB6F1 oocytes entered anaphase with the metaphase plate fairly disorganized. Quantification of density of DNA located near the equatorial plane at six time points within the last 2 h before anaphase showed significant differences between intersubspecific and intraspecific hybrid oocytes in all but the last time point (Fig. 5D) .
Discussion
According to the D-M model, postzygotic reproductive isolation arises as a consequence of the independent evolution of genomes of related taxa (4). The model implies that different species may evolve different combinations of mutually incompatible genes whose epistatic interactions inflict HS, unless a predetermined, fast-evolving pathway(s) shared by various species recurrently breaks down in species hybrids. We propose that meiotic pairing and synapsis of heterospecific chromosomes can constitute such a recurrently breaking pathway in gametogenesis of F1 hybrids of various species.
Role of Meiotic Chromosome Pairing and Synapsis in HS. Asynapsis at pachytene stage was the earliest meiotic phenotype that we identified in sterile PB6F1 males. The involvement of individual autosomes was not random, because, of five chromosomes tested, the smallest one, Chr 19, was the one most often affected. Moreover, we found that heterospecific autosomal pairs in sterile hybrids are more prone to asynapsis than the homospecific pairs in which both homologs come from the same species. We suggest, based on these findings, that the failure of pairing and/or synapsis of heterospecific homologs, probably caused by their fast-evolving nongenic DNA divergence, may represent the primary target of the meiotic surveillance mechanism that recurrently breaks down in meiosis of various interspecific hybrids. In this scenario the HS gene Prdm9 and the Chr X loci can act, directly or indirectly, either to promote or to suppress the less stable pairing of heterospecific homologs. The hypothesis is amenable to experimental testing in other models of interspecific HS.
Asynapsis of multiple chromosomes is a fairly common meiotic aberration reported in carriers of various genic and chromosomal mutations. Whenever it occurs, it almost invariably triggers pachytene checkpoint and meiotic breakdown (56) . Unpaired homologs undergo transcriptional silencing of genes within unsynapsed chromatin (MSUC) (57) , and their occurrence is the sign of death in pachynemas that carry them. A few studies have focused on the pairing of meiotic chromosomes in interspecific hybrids. In sterile F1 hybrids of Mus spretus and Mus m. domesticus, Eicher and coworkers (58) observed autosomal univalency in 70% of pachytene nuclei. Crosses of three taxa of caviomorph rodents (Trichomys) resulted in male sterility in all three F1 hybrid combinations, two of them showing extensive failure of chromosome pairing at pachytene stage (59) . Massive asynapsis also was observed in sterile males of a hybrid stock arising from two taxa of the house musk shrew (Suncus murinus). The authors concluded that the HS is of genic rather than chromosomal origin (60) . However, an alternative possibility is that the sterility is chromosomal, caused by heterospecific pairing incompatibilities, and that the reported variation in pairing failure is under genic control. In sterile F1 hybrids between cattle and yak (Bos taurus × Bos grunniens) a reduction of spermatogonia signaled premeiotic genic incompatibility; nevertheless, synaptic anomalies and pachytene arrest were seen at meiotic prophase. The female hybrids were fertile (61) . Finally, hybrids between domestic pig and Babyrousa babyrussa were sterile with meiotic pairing failure and pachytene arrest. Both sexes were affected (62) .
We are not aware of any report on meiotic pairing in interspecific Drosophila hybrids, but several pieces of indirect evidence are in favor of D-M incompatibilities based on nongenic sequence divergence. Naveira and Maside (63) reviewed the polygenic character of HS in crosses of Drosophila koepferae and Drosophila buzzatti. They found a correlation between the length of interspecific substitution in backcross male hybrids and sterility; longer segments produced sterility, but shorter segments did not (63) . More recently Moehring (64) compiled a dataset from 10 interspecific backcrosses/F2 intercrosses of various species and concluded that the greater the level of chromosome heterospecificity, the greater is the level of sterility, with the allowance for a stronger effect of Chr X (64) . Our recent analysis of the genetic architecture of HS in the Mus m. musculus and Mus m. domesticus backcross identified two strong HS loci interacting with a set of weak and interchangeable loci, which may represent noncoding sequence incompatibilities (31) . Direct evidence for the role of sequence diversity in HS was provided in crosses between two related species of Saccharomyces, where HS was partially alleviated by deleting mismatch-repair proteins (65) . We conclude that the current results and the majority of available experimental data from intersubspecific hybrids are compatible with the idea that genetically modulated meiotic asynapsis of heterospecific chromosomes represents a predetermined pathway leading to sterility of F1 hybrids.
Meiotic Sex Chromosome Inactivation in Intersubspecific Hybrids.
Cytological observations of abnormalities of sex body formation in pachytene spermatocytes of mouse intersubspecific hybrids led us to consider the role of sex chromosome inactivation in HS (see refs. 25 and 66 and references therein). Here we show the absence of the classical sex body in the majority of early pachynemas and the entrapment of unsynapsed autosomes in the sex bodies of the surviving mid-late pachynemas. Four Chr X genes and Zfy2 on Chr Y tested by RNA FISH were not silenced at the pachytene stage, in accord with the genome-wide expression profiling showing misregulation of the X-linked genes. A similar conclusion was reported in a study of (PWK/PhJ × LEWES/EiJ)F1 hybrids representing Mus m. musculus × Mus m. domesticus sterility with meiotic arrest after pachytene stage (50) . The mechanism behind the synapsis checkpoint in the case of extensive asynapsis is still unclear (56) . The sequestration of ATR kinase and γH2AFX on unsynapsed autosomal chromatin is the cause proposed for the failure of MSCI (67) , but the possibility that the apoptosis of early pachynemas is induced by activation of the recombination checkpoint by unrepaired DSBs cannot be ruled out. The observed elimination of pachytene spermatocytes of PB6F1 sterile males in two steps of the first meiotic prophase could indicate that more than one checkpoint is activated.
Oocytes of Hybrid Females Share the Aberrant Meiotic Phenotype with Spermatocytes of Sterile Males. The infertility of hybrids between the members of the Mus musculus group and Mus spretus follows Haldane's rule, being restricted to the male sex. However, meiosis of female hybrids is far from normal, as first shown in the B6 × Mus spretus cross (58) . Approximately half of the pachytene oocytes from crosses between PWD and B6 inbred strains displayed multiple asynapsed chromosomes, most of which disappeared before MI. In contrast to the hybrid males of the same genotype, the incidence of oocytes with asynapsis was not changed by the Prdm9 or Chr X genotype.
To conclude, our results show that, although PB6F1 hybrid females obey Haldane's rule, being fertile, they displayed abnormalities of oogenesis that were similar to, although less extensive than, the abnormalities of spermatogenesis in their male siblings. Almost half the pachytene oocytes carried asynaptic chromosomes and disappeared before MI, probably by ATR-directed MSUC checkpoint (68) . The surviving oocytes still showed some defects, which contributed to the increased frequency of aneuploidy at MII in both types of reciprocal intersubspecific hybrids. Even the oocytes that proceeded through MI were marked by disorganization of chromosomes at the MI plate and low but significant frequency of aneuploidy in MII. The abnormalities seen at the pachytene stage in male and female mouse intersubspecific hybrids thus appear to be the same, their incidence in females being half of that in males. The lower frequency of oocytes with asynapsis and the absence of MSCI offer a plausible explanation of Haldane's rule in this particular HS model.
Conclusions
We suggest, based on our findings, that meiotic asynapsis of heterospecific homologous chromosomes is the primary mechanistic basis of HS manifested by pachytene arrest. According to our hypothesis, the nongenic sequences, as the fastest diverging component of the mammalian genome, may represent the suitable candidate for a recurrent D-M incompatibility leading to asynapsis. The predisposition to asynapsis occurs in both male and female meiosis of intersubspecific hybrids. In spermatogenesis, but not in oogenesis, certain HS genes directly or indirectly modulate the sensitivity of synapsis to the sequence divergence between heterospecific chromosomes, either enhancing or suppressing it. MSCI plays a decisive role in eliminating the asynapsed primary spermatocytes and underlies most of the features of the Haldane's rule. The model can be tested for a general validity for F1 HS associated with pachytene asynapsis. However, because HS is a consequence of independent genomic evolution in related taxa, other D-M incompatibilities that do not interfere with chromosome synapsis may act together with it or independently of it.
Materials and Methods
Mice, Fertility Testing, and Histology. Mouse studies were performed in accordance with guidelines of the Committee of Animal Care of the Institute of Molecular Genetics, Academy of Sciences of the Czech Republic, Prague, Czech Republic. The wild-derived inbred strains PWD/Ph and PWK/Ph, laboratory inbred strains predominantly of Mus m. domesticus origin, C57BL/6J-Chr#PWD (abbreviated B6.PWD-Chr#) chromosome-substitution strains, and their hybrids were maintained in a specific pathogen-free barrier facility at the Institute of Molecular Genetics. Identification of apoptotic cells was performed using the TUNEL system (Promega). Detailed descriptions of mouse strains and testing of male fertility and analyses of histological sections are given in SI Materials and Methods.
Antibodies for Immunostaining of Spread Spermatocytes and Detection of MLH1 Foci. Detailed descriptions of the visualization of SYCP1, SYCP3, γH2AFX, RAD51, DMC1, ATR, MLH1, MSH4, HORMAD2, and STAG3 proteins on spreads of meiotic cells, the origin of antibodies used, and image capture are given in SI Materials and Methods.
RNA and DNA FISH. The BAC-derived probes for RNA FISH were used to identify transcripts of Scml2, Ott, Ndufa1, Egfl6, and Zfy2 genes. To identify individual chromosomes on pachytene spreads, XMP XCyting Mouse Chromosome N Whole Painting Probes (Metasystem) were used for DNA FISH. A detailed description is given in SI Materials and Methods.
Testicular RNA Isolation from 14.5-dpp Males and Microarray Analysis. RNA was prepared from suspensions of testicular cells from juvenile males using the miRNeasy Mini Isolation Kit (QIAGEN), converted to cRNA, and hybridized to Affymetrix GeneChip Mouse 1.0ST. Data analysis was done as described previously (69) . A detailed description is given in SI Materials and Methods.
Staging, in Vitro Culture, MI and MII Spreads, and Video Microscopy of Oocytes. The staging of pachytene oocytes and analysis of MI and MI spreads were done as described previously (53) . A detailed description is given in SI Materials and Methods.
